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Direc t  l i que fac t ion  of coa l  is accomplished by t h e  depolymerization of t he  c o a l  
molecule wi th  s t a b i l i z a t i o n  of  t he  polymer fragments by hydrogen from coa l  and the  
l i que fac t ion  solvent.  For bituminous coa l s  conta in ing  between 80 and 88% carbon, the  
i n i t i a l  l i q u e f a c t i o n  r e a c t i o n s  produce h igh  molecular weight so lub le  products and 
e f f i c i e n t l y  consume t h e  donatab le  hydrogens. Up t o  80% y i e l d s  can be produced i n  
s h o r t  contac t  t ime l i q u e f a c t i o n  (1,2). On t he  o t h e r  hand, the  production of so luble  
products from l i g n i t e s  is hindered by c ross l ink ing ,  r e s u l t i n g  i n  i n e f f i c i e n t  use of 
t he  i n t e r n a l  hydrogen and low yields.  A c o r r e l a t i o n  between shor t  contac t  t i m e  
y i e l d s  and t h e  c r o s s l i n k  dens i ty  was d iscussed  by Whitehurst  e t  a 1  (1). As t h e  
average c r o s s l i n k  d e n s i t y  goes up wi th  decreas ing  rank, l i que fac t ion  y i e l d s  go down. 
The c ross l ink  dens i ty  was determined from so lvent  swe l l ing  r a t i o s  (d iscussed  by 
Larsen and coworkers (3.4). 

While there  appears t o  be a h igher  s t a r t i n g  c r o s s l i n k  dens i ty  i n  l i g n i t e s  and low 
rank coa ls  (1-51, many new c r o s s l i n k s  a r e  in t roduced  by r eac t ions  s t a r t i n g  above 
3OOOC. 
cha r s  of a l i g n i t e  and a bituminous coa l  hea ted  a t  approximately 1000'Clsec. 
r e s u l t s  show t h a t  l i g n i t e s  c r o s s l i n k  a t  t empera tures  ( ~ 6 5 0  K) f a r  below those  where 
bituminous coa l s  c r o s s l i n k  (800 K). While the  t a r  evo lu t ion  from bituminous coa l s  is 
nea r ly  complete be fo re  c ros s l ink ing  begins,  c ros s l ink ing  seems t o  precede the  t a r  and 
gas  evolu t ion  i n  the  case  of l i g n i t e s .  
c ros s l ink ing  r e a c t i o n s  reduce the  c o a l ' s  s o l u b i l i t y ,  add thermal ly  s t a b l e  bonds t o  
t h e  coa l  s t r u c t u r e  and consume hydrogen t o  produce water.  
coa l s  could be improved by reducing o r  e l imina t ing  these  r e t rog res s ive  r eac t ions ,  but 
l i t t l e  da ta  a r e  a v a i l a b l e  on t h e  mechanisms and r e l a t i v e  r a t e s  of the  c ros s l ink ing  
and bond breaking reac t ions .  

This  paper cons iders  t h e  processes  of depolymer iza t ion  and c ross l ink ing  under 
py ro lys i s  cond i t ions  i n  the  absence of a l i q u e f a c t i o n  solvent.  
depolymerization and c ross l ink ing  chemis t ry  which opera tes  i n  short-contact t ime  
l ique fac t ion  a l s o  c o n t r o l s  t h e  y i e lds  and molecular weight d i s t r i b u t i o n s  of t h e  
so lub le  products ( t a r s  and l i q u i d s )  from pyrolyses. 
a r e  determining d i s t r i b u t i o n s  of depolymerization fragments f o r  coa l s ,  l i g n i t e s ,  and 
model polymers (7-11). 
rank and func t iona l  group composition and a l t e r a t i o n  of t h e  c ros s l ink ing  r eac t ions  by 
chemical modi f ica t ion  of t h e  coa l  or  by v a r i a t i o n s  of t h e  r e a c t i o n  conditions.  The 
r e s u l t s  a r e  being used t o  develop a Monte Car lo  d e v o l a t i l i z a t i o n  model inc luding  the  
combined e f f e c t s  of depolymerization, c ros s l ink ing  and vapor iza t ion  processes (12). 

Suuberg, Lee and Larsen (6) compared py r id ine  swe l l ing  r a t i o s  f o r  pyro lys i s  
The 

In l i que fac t ion .  t hese  r e t rog res s ive  

Liquefac t ion  of low rank 

The same 

I n  our exper imenta l  s t u d i e s  we 

We cons ider  t h e  f a c t o r s  which c o n t r o l  c ros s l ink ing  such a s  

BFFECC OF CROSSLINKING ON MOLECULAR WEIGBT DISTRIBUTION OF PYBOLYSIS PRODUCTS 

Fie ld  Ion iza t ion  Mass Spectroscopy (FIMS) has been used t o  provide the  da t a  on the  
molecular weight d i s t r i b u t i o n  of pyro lys i s  products. 
coa l s  a r e  presented. 
previous publ ica t ion  (9). 
I n s t i t u t e  by d i r e c t  p y r o l y s i s  a t  3"Clmin i n t o  t h e  i n l e t  of t h e  mass spec t rometer  
(13). Since f i e l d  i o n i z a t i o n  produces very few fragment peaks, t hese  spec t r a  can  
roughly be i n t e r p r e t e d  as t h e  molecular weight d i s t r i b u t i o n s  of t a r s .  
s i n g l e  a romat ic  r ing  c l u s t e r s  ("monomers") as w e l l  as l a r g e r  c o a l  fragments 
containing seve ra l  r i n g  c l u s t e r s  ("oligomers"). 
and subbituminous c o a l s  have t a r s  wi th  much lower average molecular weights than the  
spec t r a  for t h e  I l l i n o i s  16 and Kentucky #9 bituminous coals.  
similar dependence w i t h  maceral type. 
produce high molecular v e i g h t  tars, whi le  t h e  more hydrogen poor macerals produce 

I n  Fig. 3, FIMS s p e c t r a  f o r  four 
The d e t a i l e d  shapes of these  spec t r a  were d iscussed  i n  a 

These spec t r a  were c o l l e c t e d  a t  S tanford  Research 

They inc lude  

It can be seen t h a t  t h e  l i g n i t e  

F igure  2 shows a 
The h igh  hydrogen conten t ,  f l u i d  macera ls  
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lower molecular weight t a r s .  
h igh  molecular weights  d i s t r i b u t i o n s  are c h a r a c t e r i s t i c  of mel t ing  m a t e r i a l s  and, a r e  
o f t en  accompanied by high l i q u i d  y i e lds  because of e f f i c i e n t  use of t h e  m a t e r i a l s  
donatable hydrogens. Low molecular weight d i s t r i b u t i o n s  f o r  t a r s  a r e  c h a r a c t e r i s t i c  
of c ross l inked  o r  thermose t t ing  ma te r i a l s  wi th  low l i q u i d  y ie lds .  For low molecular 
weight t a r s ,  more bonds must break and more hydrogen i s  requi red  t o  s t a b i l i z e  each 
gram of product. As discussed  i n  Refs. 7-12 t h e  shape of t he  molecular weight 
d i s t r i b u t i o n  of py ro lys i s  decomposition fragments is con t ro l l ed  by t h e  decomposition 
r eac t ions  and by the  v o l a t i l i t y  of t h e  fragments.  I n  t h e  absence of c ros s l ink ing ,  
random bond breaking and s t a b i l i z a t i o n  by hydrogen abs t r ac t ions  reduce t h e  average 
molecular weight of t he  fragments u n t i l  they a r e  s m a l l  enough t o  v o l a t i l i z e .  The 
predic ted  molecular weight d i s t r i b u t i o n  i s  f l a t  up t o  t h e  vapor iza t ion  cu tof f .  
Crosslinking produces two e f f e c t s ,  t h e  f i r s t  i s  t o  inc rease  the  average molecular 
weight of fragments,  moving many of them above t h e  vapor iza t ion  l i m i t .  The second i s  
t o  c r e a t e  a network which l i m i t s  t h e  t r anspor t  of l a r g e  fragments ou t  of t h e  r eac t ing  
coa l  p a r t i c l e  ( t h i s  network a l s o  l i m i t s  t h e  pene t r a t ion  of so lvent  and the  mob i l i t y  
of coa l  hydrogen-donor molecules). 
weight d i s t r i b u t i o n  observed f o r  ma te r i a l s  which a r e  i n i t i a l l y  c ross l inked  or undergo 
c ross l ink ing  during pyro lys i s .  

Experiments w i th  coa l s  and model polymers suggest t h a t  

Both e f f e c t s  lead  t o  the  drop off i n  molecular 

WODIFICATIOR OF TEE CROSSLINKING REACTIONS 

Modifications of t he  c ros s l ink ing  r eac t ions  were accomplished i n  two ways. Pyro lys i s  
experiments were performed (11) on modified coa l s  suppl ied  by Ron L i o t t a  of the  Exxon 
Corporation. 
by methylation. Methylation of low rank coa l s  makes t h e i r  behavior i n  py ro lys i s  look 
l i k e  t h a t  of e a s i l y  l i q u i f i e d ,  f l u i d ,  high rank coals.  F igure  3 compares t h e  FIMS 
spec t r a  f o r  a methylated and unmodified coal. 
molecular weight d i s t r i b u t i o n s ,  high y i e lds ,  and f l u i d  p rope r t i e s  i n  agreement wi th  
the  hypothesis of reduced cross l ink ing .  
were obtained f o r  a Wyodak subbituminous coa l ,  by Padrick (14), when a s t rong  
hydrogen bonding so lvent  was used. 
groups which make up the  hydrogen bonding network i n  t h e  coa l  a r e  t i e d  up ( e i t h e r  by 
methyla t ion  o r  by hydrogen bonds t o  t he  so lvent )  r a t h e r  than undergoing cross l ink ing .  

The second way i n  which c ross l ink ing  r eac t ions  were modified was through con t ro l  of 
t he  r eac t ion  conditions.  Recent experiments i n  a heated tube r eac to r  (HTR) a t  hea t ing  
r a t e s  of 20,00ODC/sec (11, 15-17) suggest t h a t  i n  very  rap id  pyrolyses of l i g n i t e s  t he  
de t r imen ta l  e f f e c t s  of c ros s l ink ing  r eac t ions  a r e  minimized. 
t h e  y i e lds  of t a r s  a r e  much h igher  than i n  low hea t ing  r a t e  pyrolyses,  t he  cha r s  have 
melted and swelled,  and t h e  molecular weight d i s t r i b u t i o n s  of t he  t a r s  a r e  comparable 
t o  those  obtained f o r  bituminous coals.  

F igure  4 compares scanning e l ec t ron  micrographs of l i g n i t e  chars  produced a t  800°C 
wi th  hea t ing  r a t e s  of 60O0C/sec and 20,000°C/sec. The COO"C/see char shows l i t t l e  
evidence of  f l u i d i t y  whi le  the 20.000"C/sec ETR char shows f l u i d i t y ,  bubbling, and 

In t hese  coa l s ,  t h e  hydroxyl and carboxyl ic  ac id  groups were modified 

The methylated coa l  produces the  h igh  

I n  a r e l a t e d  experiment,  very  high y i e l d s  

I n  both experiments t h e  hydroxyl and carboxyl 

I n  these  experiments,  

swel l ing .  

Figure 5 shows t h e  v a r i a t i o n  of the  molecular weight d i s t r i b u t i o n  wi th  h igh  hea t ing  
r a t e s .  F igures  5a and 5b a r e  spec t r a  of t a r s  c o l l e c t e d  i n  a heated g r i d  r eac to r  a t  
hea t ing  r a t e s  of 3 and 600°C/sec, respec t ive ly .  Figure 5c i s  a FIMS spectrum of a t a r  
co l l ec t ed  i n  the  HTR a t  a hea t ing  r a t e  of 20,000°C/sec. The e f f e c t  of h igher  hea t ing  
r a t e s  i s  t o  produce tars from l i g n i t e s  which have h igher  average molecular weights,  
l i k e  the  FIMS spec t r a  from higher  rank coa l s  ( see  Figs. I d  and 2c) o r  methylated coa l  
(F ig .  3b).  

FT-IR spec t r a  i n  Fig. 6 show the  t a r s  a t  h igh  hea t ing  r a t e s  apparent ly  have not lost 
t h e i r  oxygen f u n c t i o n a l i t i e s  as do t a r s  a t  low hea t ing  rates. At low hea t ing  r a t e s ,  
t hese  oxygen func t iona l  groups a r e  l o s t  i n  c ros s l ink ing  r eac t ions  accompanied by the 
evolu t ion  of CO, COP, and H20. 
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Swel l ing  experiments on chars  produced in very  rap id  py ro lys i s  confirm tha t  
c ross l ink ing  r e a c t i o n s  i n  a l i g n i t e  have been s h i f t e d  in t empera ture  and no longer 
precede depolymerization. 
l i q u i d  ( t a r  p lus  e x t r a c t )  y ie lds .  
formation r eac t ions  a r e  occurr ing  a t  about t he  same ra tes .  
those  of Suuberg e t  al. obtained a t  lower hea t ing  r a t e s  (6). However, f o r  
experiments a t  low hea t ing  r a t e s  in our l abora to ry ,  t he  swe l l ing  r a t i o  went t o  zero 
a t  300°C (wel l  before  any depolymerization can occur), i n  agreement wi th  the  r e s u l t s  
of Ref. 6. Thus, t h e  sequence of c ros s l ink ing  followed by t a r  format ion  observed f o r  
lower heating r a t e s  is replaced w i t h  simultaneous c ros s l ink ing  and t a r  formation a t  
very high hea t ing  r a t e s .  

I n  Fig. 7 py r id ine  swe l l ing  r a t i o s  a r e  compared t o  t a r  and 

These r e s u l t s  d i f f e r  from 
It can be seen t h a t  both c ros s l ink ing  and t a r  

POLyllEB HODELS FOB COAL STRUCTURE 

Model polymers have been used i n  our l abora to ry  t o  s tudy  t h e  depolymerization and 
c ross l ink ing  r e a c t i o n s  be l ieved  t o  occur in coa l  (7-10,12). Severa l  of the 
s t r u c t u r e s  s tud ied  a r e  i l l u s t r a t e d  in Fig. 8. For so f t en ing  coa l s  (no cross l ink ing) ,  
t he  ethylene-bridged polymers, 111, #3 and 1 4  were used. The use of t h i s  type of 
polymer allowed examinations of t h e  combined py ro lys i s  and evapora t ion  processes in a 
well-characterized mater ia l .  The t a r  format ion  from t h e  polymer has  a number of 
s i m i l a r i t i e s  w i th  bituminous coal.  
oligomers which, l i k e  coal,  a r e  similar in composition (except f o r  molecular weight) 
t o  t h e i r  parent polymer. 
evaporation, t a r  formation must involve bond breaking. The weak bonds in t h e  polymer 
system a re  between t h e  two a l i p h a t i c  b r idge  carbons. These e thylene  br idges  a r e  
expected t o  have bond energ ies  s i m i l a r  t o  the  bonds con t ro l l i ng  t a r  formation in 
coals. The hydrogens in t he  e thylene  br idges  a l s o  supply donatable hydrogens f o r  
f r e e  r a d i c a l  s t a b i l i z a t i o n .  F ina l ly ,  l i k e  bituminous coa l ,  t hese  polymers mel t  p r io r  
t o  t a r  formation. The vapor pressures  f o r  t h e  pure hydrocarbon molecules from the  
polymers a re ,  however, expected t o  be h igher  than f o r  t he  same s i z e  molecules i n  
coa ls .  

A comparison of k i n e t i c  r a t e  cons t an t s  f o r  s e v e r a l  of t he  polymers, some model 
compounds and coa l  is presented in Fig. 9. 
r a t e  f o r  polymer #1 is s i m i l a r  t o  t h a t  f o r  bibenzyl (18,19), but somewhat lower than 
t h a t  r ecen t ly  measured f o r  coa l  pyro lys i s  (10,15,16). The bond breaking r a t e s  f o r  
t he  ethylene bridged methoxy-benzene polymer, 112, and an e thylene  bridged anthracene 
polymer, #3. were s l i g h t l y  h ighe r  than t h e  format ion  r a t e  f o r  coa l  ta r .  
molecular weight d i s t r i b u t i o n  f o r  the naphthalene polymer in Fig. 10a extends t o  
h igher  masses than f o r  mel t ing  coa ls  ( a s  expected due t o  t h e  h igher  vapor pressure) ,  
but shows similar t rends .  

The r a t e s  of decomposition of e thylene  bridged pure hydrocarbon polymers a r e  in 
reasonable agreement wi th  those  f o r  low rank coa l s ,  but t h e  molecular weight 
d i s t r i b u t i o n s  a r e  q u i t e  d i f f e ren t .  However. t he  product molecular weight 
d i s t r i b u t i o n s  in Pig. 1Oc f o r  polymer 112, which c ross l inks ,  does show the  sha rp  drop i n  
molecular weight exhib i ted  by low rank c o a l s  (Fig. la) .  
t h a t  t h i s  polymer showed a molecular weight d i s t r i b u t i o n  (Fig. lob)  c h a r a c t e r i s t i c  of 
a non-crosslinking m a t e r i a l  (e.g. Fig. loa)  a t  a lower temperature.  The shape 
changed a t  h igher  tempera tures ,  presumably a s  the  c ros s l ink ing  r eac t ions  s t a r t ed .  

Thermal decomposition y i e l d s  t a r  cons i s t ing  of 

As t h e  o r i g i n a l  polymer molecular weight is too h igh  f o r  

The r e s u l t s  show t h a t  t h e  bond breaking 

The 

I t  is i n t e r e s t i n g  t o  note 

DEPOLYMERIZATION TBBOBP OF VAWBIZATION AND CROSSLIMKIIJG 

The i n i t i a l  r eac t ions  occurr ing  during c o a l  l i q u e f a c t i o n  a r e  thought t o  involved 
homolytic cleavage of weak bonds between aromat ic  r i n g s  i n  c o a l s  followed by 
s t a b i l i z a t i o n  of the  f r e e  r a d i c a l s  by donatab le  hydrogens from t h e  coa l  or  
l i que fac t ion  so lvent  and t r anspor t  of t he  products away from the  r eac t ion  zone (or  
coa l  p a r t i c l e )  (1,2,20,21). The r a d i c a l s  can a l s o  decompose, rear range ,  and condense 
wi th  o ther  r a d i c a l s  o r  molecules (7,8, 12, 22-24). These secondary r eac t ions  lead  to  
t h e  evolu t ion  of l i g h t  gases  and t o  the  format ion  of c ross l inks .  The processes of 
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depolymerization, gas  evolut ions,  and c ross l ink ing  a r e  thought t o  be in competi t ion 
w i t h  each o the r  (7,8,12,25). 
r eac t ion  condi t ions and t h e  a v a i l a b i l i t y  of donatable  hydrogens. These r eac t ions  
have been s tud ied  ex tens ive ly  and modeled f o r  a s e r i e s  of polymers r ep resen ta t ive  of 
c o a l  s t r u c t u r e  by Solomon and King (7) and Squire  and Solomon (8,12,24). 
t heo r i e s  combine random cleavage of weak bonds ( s i m i l a r  t o  t h e  concept used by 
Gavalas e t  a l .  (26) w i t h  t r a n s p o r t  of depolymerization fragments by vapor i za t ion  and 
d i f fus ion  ( l i k e  Unger and Suuberg (25) t o  p red ic t  product y i e l d s  and composition. 

The Depolymerization Equation f o r  Ethylene Bridged Polymers - The weak bonds in t h e  
depolymerization-vaporization-crosslinking (DVC) theory a r e  the  e thy lene  b r idges  which 
homolyt ical ly  c leave as a f i r s t  o rde r  process wi th  r a t e  cons t an t  kD (see Fig. 9) t o  
form two methyl groups. 
CHzCH2- bonds a r e  capped by a b s t r a c t i n g  two hydrogens from a second ethylene bridge. 
The o v e r a l l  s to i ch iomet ry  f o r  t h e  depolymerizat ion r e a c t i o n  in t h e  DVC model is ,  
therefore ,  two ethylene br idges r e a c t  t o  form t w o  methyl groups and an o l e f i n i c  
(-CH=CH- ) b r i dg e. 

The C r o s s l i n k i n g  E q u a t i o n  - The c ross l ink ing  r e a c t i o n  is modeled as abond  formation 
between the  c r o s s l i n k  sites on any t w o  monomers. 
on the same polymer a r e  allowed. 
formation a r e  modeled as t h e  evo lu t ion  of H2 gas. 
c ros s l ink ing  s i t e s  i n  c o a l s  i s  unknown. They could be a s soc ia t ed  w i t h  phenols o r  
carboxyl ic  ac id  groups or could simply be s i t e s  where r i n g  condensations occur. We 
have found t h a t  an important  property of c r o s s l i n k  s i t e s  i s  t h a t  t h e  p robab i l i t y  of 
having a c ros s l ink  s i te  i n  t h e  molecule goes up with t h e  number of monomers in t h e  
molecule. 
than are s h o r t  polymer chains.  
d i s t r i b u t i o n s  which a r e  c h a r a c t e r i s t i c  of c ros s l ink ing  polymers. For t h e  s imula t ions  
presented i n  t h i s  paper f o r  polymer 114 w e  have assumed t h a t  t h e  c ros s l ink ing  r eac t ion  
i s  f i r s t  o rde r  i n  t h e  concen t r a t ion  of c r o s s l i n k  sites. The r a t e  cons t an t ,  shown i n  
Fig. 9 was chosen t o  make t h e  c ros s l ink ing  r e a c t i o n  f a s t e r  than depolymerizat ion a t  
300°C but s lower a t  900°C f o r  t h e  benzene polymer 114. 

The V a p o r i z a t i o n  E q u a t i o n s  - The vapor i za t ion  p a r t  of t h e  DVC model i s  t r e a t e d  in t h e  
same manner as i n  t h e  Solomon and King model (7). 
molecular weight,  temperature  and pressure.  

Monte Carlo S i m u l a t i o n  Techn iques  - I n  so lv ing  the  DVC model, i t  i s  necessary to keep 
t r ack  of t h e  s t r u c t u r e  of each polymer molecule as bonds break and c r o s s l i n k s  form. 
This  has  been accomplished through use of Monte Carlo so lu t ion  technique. This 
technique fol lows a r ep resen ta t ive  sample of polymer molecules through probable 
py ro lys i s  react ions.  The a p p l i c a t i o n  of t he  technique t o  depolymerizat ion and 
vaporizat ion of polymers has  r e c e n t l y  been descr ibed (12). 
added c ross l ink ing  r eac t ions  t o  the  model. 
of t he  r eac t ion  chemistry involving l a r g e  numbers of oligomers. 
bridged polymer, t h e  model keeps t r a c k  of t h e  concen t r a t ions  of e thy lene  and o l e f i n i c  
bridges,  methyl groups, c r o s s l i n k  s i t e s ,  c ros s l ink ing  br idges,  and evolved H2 gas. 
The molecular weights  of each polymer chain a r e  a l s o  cont inuously monitored i n  o rde r  
t o  determine t h e i r  v o l a t i l i t i e s .  Examples of t hese  Monte Carlo s o l u t i o n s  t o  t h e  DVC 
model f o r  t he  benzene polymer, 14, a r e  presented i n  Figs. 11 and 12 for a polymer of 
chainlength 30. 
group , including smaller and larger masses due to t h e  pressure or absence of methyl 
groups o r  hydrogen. 

The Effects of Cross l ink  S i t e  Densities - I n  Fig. 11 the  p robab i l i t y  of each monomer 
containing a c r o s s l i n k  s i te  was va r i ed  from 67 t o  0%. 
constant.  The r e spec t ive  char  y i e l d s  decrease from 55 t o  0%. I n  add i t ion ,  the 
average molecular weights  of t h e  t a r s  i nc rease  from 286 t o  389 amu. 
averages f o r  molecular weights  a r e  accompanied by higher  concentrat ions of t he  l a r g e r  

The r e l a t i v e  importance of  each one is determined by 

These 

The r a d i c a l s  which a r e  formed during homolysis of t hese  - 

Crossl inks between s e p a r a t e  s i t e s  
The hydrogens which a r e  f reed during t h i s  bond 

The exact  na tu re  of t h e  

Long polymer chains  con ta in ing  many monomers a r e  more l i k e l y  t o  c r o s s l i n k  
Th i s  behavior l eads  t o  t a r  molecular weight 

The r a t e  of vapor i za t ion  depends on 

In t h i s  work w e  have 
The model a l lows  a d e t a i l e d  desc r ip t ion  

For t h e  e thy lene  

The f i g u r e s  show t h e  t o t a l  number of molecules i n  each ol igomer 

The hea t ing  rate was held 

These increased 
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polymer fragments. 
c ros s l ink  s i t e  i s  assumed t o  be equal f o r  every monomer. 
more c ros s l ink  sites and a re ,  t he re fo re ,  more l i k e l y  t o  be l o s t  i n  c ros s l ink ing  
reac t ions .  
concent ra t ions  of h igh  molecular weight polymer cha ins  and a s h i f t  i n  t h e  tar ( those  
polymer chains which succeed i n  v o l a t i l i z i n g )  towards lower average molecular 
weights. The p r e d i c t i o n  f o r  67% cross l ink ing ,  F ig .  l l a  shows the  t r ends  of t h e  
c ross l inked  polymer (Fig. 1Oc) and the  low rank c o a l s  (Figs. l a  and 3a). The 
predic t ion  wi th  0% c r o s s l i n k s  (Fig. l lc)  show t h e  t r ends  of t he  hydrocarbon polymer 
(F ig .  l oa ) ,  t h e  h i g h  r a n k  c o a l s  (F ig .  I d ) ,  t h e  m e t h y l a t e d  c o a l ,  Fig.  3b and t h e  h igh  
h e a t i n g  r a t e  c a s e  (F ig .  5c). 

The E f f e c t s  of B e a t i n g  Rates - I n  Fig. 12 t he  e f f e c t s  of heat ing  r a t e s  on tar 
molecular weight d i s t r i b u t i o n s  a r e  simulated.  
c a r r i e d  out f o r  an e thy lene  bridged benzene polymer i n  which 67% of the  monomers 
contained c ross l ink  sites. 
char  y i e lds  a r e  decreased from 56 t o  13% and the  f a l l  o f f  i n  molecular weight occurs 
a t  higher values.  
a l l  of t h e  p rocesses  l ead ing  t o  t a r  format ion  take  p lace  a t  higher temperatures.  
These higher tempera tures  change the  r e l a t i v e  speeds of t h e  depolymerization, 
vapor iza t ion ,  and c r o s s l i n k i n g  processes.  As shown i n  Fig. 9, a t  h igh  temperatures,  
depolymerizations a r e  f a s t e r  than the  c ros s l ink ing  reac t ions .  The  n e t  r e s u l t  is t ha t  
depolymerizations a t  Very h igh  hea t ing  r a t e s  r ap id ly  reduce the  molecular weight of 
t h e  polymer molecules,  making them v o l a t i l e  enough t o  escape a s  t a r ,  before the  
c ros s l ink ing  r e a c t i o n s  can  t r a p  them i n t o  the  char. Char y i e l d s  are decreased and 
more dimers, t r imers ,  and t e t r amers  v o l a t i l i z e  a s  tar. I n  Fig. 12d a t a r  molecular 
weight d i s t r i b u t i o n  is presented  f o r  t h i s  polymer when i t  conta ins  no c r o s s l i n k  sites 
but i s  s t i l l  heated a t  20,000 !Us. It can be seen  t h a t  t he  shapes and average t a r  
molecular weights of t h e  s imula ted  mass spec t r a  f o r  20,000 K/s t a r s  a r e  nea r ly  the  
same with (Fig. 12c) OK without (Fig. 12d) c r o s s l i n k  sites. Apparently, a t  t hese  
very  high hea t ing  rates the  e f f e c t s  of the  c ros s l ink ing  r eac t ions  a r e  minimized. 

These s imula t ions  provide  an explana t ion  f o r  t h e  changes wi th  hea t ing  r a t e s  observed 
i n  the  FIMS spec t r a  of l i g n i t e  tars, Fig. 5. A t  low hea t ing  r a t e s ,  Fig. 5a, the  FIMS 
spectrum shows the  r ap id  f a l l -o f f  wi th  inc reas ing  m O l e C U h t  weight which is 
c h a r a c t e r i s t i c  of a c ros s l ink ing  polymer. 
c ros s l ink ing  becomes l e s s  important and more dimers,  t r imers ,  etc. can v o l a t i l i z e .  
A t  t h e  very h igh  hea t ing  r a t e ,  Pig. Sc, t he  e f f e c t s  of t h e  c ros s l ink ing  r eac t ions  a r e  
minimized and t h e  FIMS spectrum of a l i g n i t e  looks very much l i k e  t h a t  of a 
bituminous coal. 

T h i s  occurs  because t h e  p robab i l i t y  of a monomer conta in ing  a 
Long polymer cha ins  conta in  

The ne t  e f f e c t  of c ros s l ink ing  is a p r e f e r e n t i a l  decrease  i n  the  

The s imula t ions  of Figs. 12a-c were 

A s  hea t ing  rates a r e  increased  from 3 K/min t o  20.000 K / s  

When pyro lyses  a r e  c a r r i e d  ou t  under high hea t ing  r a t e  condi t ions ,  

As hea t ing  r a t e s  a r e  increased ,  

COPYCLIlSIOES 

1. In pyrolys is  (as i n  l i que fac t ion )  low rank coa l s  undergo c ross l ink ing  r eac t ions  
which reduce the  c h a r ' s  f l u i d i t y  and l ead  t o  low y i e l d s  of  low molecular weight 
so lub le  products wi th  i n e f f i c i e n t  use of the  c o a l ' s  i n t e r n a l  donatable hydrogen. 

2. 
c o a l s  become f l u i d  and produce h igher  y i e l d s  of high molecular weight products. 

3. Cross l ink ing  behavior was observed i n  an e thylene  l inked  benzene polymer 
conta in ing  methoxyl groups. 
c r o  s s l ink ing  behavior. 

4 .  
combined depolymerization, c ros s l ink ing  and vapor iza t ion  process. 

These r eac t ions  can  be reduced by methyla t ion  o r  wi th  high hea t ing  r a t e s  where the 

S i m i l a r  polymers wi thout  methoxyl groups do not show the 

The r e s u l t s  have been success fu l ly  s imula ted  us ing  a Monte Carlo model f o r  t h e  
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